Abstract A global water model is used to analyse the impacts of climate change and socio-economic driving forces (derived from the A2 and B2 scenarios of IPCC) on future global water stress. This work extends previous global water research by analysing not only the impact of climate change and population, but also the effects of income, electricity production, water-use efficiency and other driving forces, on water stress. Depending on the scenario and climate model, water stress increases (between current conditions and the 2050s) over 62.0-75.8% of total river basin area and decreases over 19.7-29.0% of this area. The remaining areas have small changes. The principal cause of decreasing water stress (where it occurs) is the greater availability of water due to increased annual precipitation related to climate change. The principal cause of increasing water stress is growing water withdrawals, and the most important factor for this increase is the growth of domestic water use stimulated by income growth. (Population growth was a much less important factor and irrigated area was assumed to remain constant.) To address the uncertainty of water stress estimates, three different indicators of water stress were computed and compared. The overlap area of their computation of "severe stress" in the 2050s was large (approximately 23 10 6 km 2 or 56-73 % of the total "severe stress" area). This indicates a moderate level of agreement and robustness in estimates of future water stress. At the same time the indicators disagreed in many other areas, suggesting that work is still needed to elaborate general indicators and concepts of water stress.
INTRODUCTION
The Intergovernmental Panel on Climate Change (IPCC) has summarized the plausible wide-ranging consequences of climate change on water resources in its comprehensive assessments of climate change (Arnell & Liu, 2001 ). These include impacts on the volume and variability of river discharge, changes in the seasonal availability of water supply, and altered rates of sedimentation in rivers. River basin studies have shown that changes not only in climate, but also in population, economic growth, technological change and other socio-economic factors may lead to significant changes in water use and hence in various indicators of future water resources (e.g. OECD, 1998) . Although the analyses of global water stress by and Alcamo et al. (2003b) incorporated national changes in income, water-use efficiency and other socio-economic factors, they did not present an analysis of the individual importance of these factors. The main aim of this paper is to advance the state of understanding of global water resources by analysing and comparing the impact of changes in income, water-use efficiency, electricity production and other socioeconomic variables on future global water stress. Bringing these new factors explicitly into a global analysis of water stress is consistent with the aim of current global change research to include human dimensions in the studies of the global water system (GWSP, 2005) and can provide new insight into the relative importance of different components of global change on global water resources.
We analyse the IPCC (2002) scenarios A2 and B2, which provide a range of assumptions about future driving forces of global changes. In particular, we identify and compare future "hot spots" of change that should be monitored and further studied, and could be linked with other global change studies (GWSP, 2005) .
We begin this paper by reviewing previous work and then introduce the model and methodology used to make estimates of future water resources. Following this, we present global scenarios of future water stress and analyse the relative importance of two main factors influencing water stress: (a) changes in water availability due to climate change, and (b) changes in water withdrawals due to trends in socio-economic drivers.
PREVIOUS WORK
The global analysis presented in this paper builds on the previous simulation of water resources carried out at the continental and global scales (e.g. Alcamo et al., 1997 Alcamo et al., , 2003a Arnell, 1999 Arnell, , 2004 Döll et al., 2003; Oki et al., 2001; Vörösmarty et al., 2000) . Arnell (2004) , Oki et al. (2003) and Vörösmarty et al. (2000) analysed the impact of both climate and population scenarios on global water resources. Alcamo et al. (2003b) analysed the impact on withdrawals of a "business-as-usual" scenario driven by changes in socio-economic variables. presented areas of particularly rapid changes in water stress due to changes in water withdrawals and climate. Henrichs et al. (2002) analysed the water stress situation in Europe by bringing together aspects of future climate change and changes in water use due to socio-economic development, but did not explicitly identify the importance of climate change versus other socio-economic factors. In a global-scale study, Döll (2002) analysed the impact of climate change on the net irrigation water demand for areas that are equipped for irrigation in 1995. Recent global environmental assessments have also analysed trends in future global water use and availability, e.g. the Global Environmental Outlook of the United Nations (UNEP, 2004) and the Millennium Ecosystem Assessment (Carpenter et al., 2005) . The current paper builds on this previous work by analysing and comparing several indicators of water stress, and by examining in more detail the socio-economic factors that lead to future changes in global water stress.
METHODOLOGY
The basic procedure of the analysis is as follows. First, climate scenarios from two climate models are downscaled to a finer global grid. Second, the Global Hydrology Model of WaterGAP is used together with the climate scenarios and other data to compute monthly river discharge on a grid and a river basin scale. Third, using socioeconomic data from the A2 and B2 scenarios, the Global Water Use Model of WaterGAP is used to compute water use in various economic sectors for each country and these are translated to the river basin scale. Agriculture water use is computed on a grid and then aggregated to the river basin scale. Fourth, using water use and river discharge data, three indicators of water stress are computed. Finally, factors contributing to changing water stress (climate change and socio-economic factors) are analysed geographically and between scenarios.
Overview of scenarios analysed
In this paper we evaluate the impact of driving forces influencing water resources, including the following: population, economic growth, electricity demand, technological change and climate change. Assumptions for these driving forces come from the A2 and B2 scenarios of IPCC. The A2 scenario assumes population and economic trends consistent with an economically-oriented world, but with a relatively low level of integration (e.g. less trade and technological diffusion than scenarios assuming intensifying "globalization"). As compared to other IPCC (2002) scenarios, population growth is comparatively low, economic growth is low to moderate, and the increase in greenhouse gas emissions and climate change relatively high. The B2 scenario has lower population, higher economic growth and a stronger accent on non-climate-related environmental policies. The rate of climate change is lower than under A2. Together, the two scenarios provide a broad range of estimates for important driving forces of water resources. Population data are downscaled from world regions (see Table 4 ) to countries using data from UN (1998) and further to the grid scale using data from CIESIN (1995) . [Information on other important socio-economic assumptions is given in Tables 4, 5 and 6.] In order to take into account some of the uncertainty of current climate models, we analyse climate scenarios from two models: the ECHAM4/OPYC3 model of the Max Planck Institute of Climatology, Germany and the German Climate Computing Center (Roeckner et al., 1996; Cubasch et al., 2001 ) (the "ECHAM4" model), and the HadCM3 model of the Hadley Centre, UK (Gordon et al., 2000; Pope et al., 2000) . These models were used to compute climate conditions under changed levels of greenhouse gas emissions, as specified by the A2 and B2 scenarios for the 2020s, 2050s and 2070s. Scenario climate data are produced by scaling a standard gridded data set of mean monthly precipitation and temperature from the years 1961 -1990 (New et al., 2000 with the differences between current and future conditions computed by the climate models. Temperature data are scaled by addition, and precipitation data by multiplication.
Global water modelling
To compute the impact of climate change and socio-economic drivers on future water resources, we use the WaterGAP model (Water-Global Assessment and Prognosis) (Alcamo et al., 2000 (Alcamo et al., , 2003a Döll et al., 2003) . WaterGAP computes both water use and availability on a 0.5° global grid. In this paper, we sum up grid-scale calculations to the river basin scale as has been done in previous regional and global studies (e.g. Alcamo et al., 2003b , Döll et al., 2003 . The two main components of the WaterGAP model-the Global Hydrology Model and a Global Water Use Model-are described in Appendix A.
Country-scale estimates of domestic and industrial water use are downscaled by the model to a 0.5° grid using demographic and socio-economic data (Alcamo et al., 2003a) and then re-aggregated to the river basin scale for water stress calculations. Water requirements for irrigated crops are computed on a 0.5° grid and then aggregated up to the river basin scale. Both river discharge and water-use computations cover the entire land surface of the globe, except Antarctica and Greenland (spatial resolution 0.5°, i.e. 66896 grid cells). A global drainage direction map with a 0.5° spatial resolution (Döll & Lehner, 2002) allows for drainage basins to be chosen flexibly and permits the analysis of the water resources in all large river basins worldwide. For further descriptions of model development, calibration, testing and application, the reader is referred to Alcamo et al. (2003a) and Döll et al. (2003) .
FUTURE AREA OF SEVERE WATER STRESS

Comparison of three indicators
We begin with an analysis of the computed global distribution of water stress. The concept of "water stress" is often used for assessing the status of the world water situation (e.g. Alcamo et al., 2000 Alcamo et al., , 2003b Arnell, 2004; Cosgrove & Rijsberman, 2000; Oki et al., 2003; Vörösmarty et al., 2000) . Water stress indicates the intensity of pressure put on water resources and aquatic ecosystems by external drivers of change. Generally speaking, the larger the volume of water withdrawn, used and discharged back into a river, the more it is degraded and/or depleted, and the higher the water stress. The higher the water stress, the stronger the competition between society's users and between society and ecosystem requirements (Raskin et al., 1997; Alcamo et al., 2003a) . A level of severe water stress indicates a very intensive level of water use that likely causes the rapid degradation of water quality for downstream users (where wastewater treatment is not common) and absolute shortages during droughts. "Water stress" also includes the pressure on water resources caused by climate change, in the sense that climate change could lead to changes undesirable to society (e.g. reduced average water availability), or to aquatic ecosystems (e.g. unfavourable changes in river flow regime).
Global water assessments usually employ only one indicator to describe water stress (e.g. Alcamo et al., 2000 Alcamo et al., , 2003b Arnell, 2004; Cosgrove & Rijsberman, 2000; Vörösmarty et al., 2000; UNEP, 2004) . (Exceptions include Vörosmarty et al., 2000 and Shiklomanov & Rodda, 2003.) However, considering the uncertainty in using aggregated indicators to describe the complex processes of water stress, it is wise practice to compare results for different indicators. In this paper, we compute the average river basin value of three indicators: annual withdrawals-to-availability ratio, the consumption-to-Q90 ratio, and the per capita water availability. Figures 1, 2 and 3 present the computed severe water stress under the A2 scenario for each indicator, and Fig. 1 Water stress in the 2050s for the A2 scenario based on withdrawals-toavailability ratio. "Water withdrawals" are the total annual water withdrawals from surface or groundwater sources within a river basin for various anthropogenic uses (excluding the maintenance of aquatic or riparian ecosystems). "Water availability" corresponds to annual river discharge, that is, combined surface runoff and groundwater recharge. Fig. 4 the area in which the indicators overlap. While the indicators oversimplify the processes of water scarcity, they nevertheless provide a useful common yardstick for assessing the status and change in water stress in all river basins, and are transparent and computable. Figure 1 presents water stress results based on the "annual withdrawals-toavailability ratio" (w.t.a., defined in caption of Fig. 1 ). The advantage of this indicator and the consumption-to-Q90 ratio described below is that they incorporate the long term effects of changing water use on water stress. An advantage of the w.t.a. indicator is that it requires withdrawals data which are more readily available for many sectors and countries than the consumption data required for the consumption-to-Q90 ratio. The disadvantage of the w.t.a. indicator is that thresholds of water stress are more difficult to interpret physically than with the consumption-to-Q90 ratio.
"Hot spot" areas in the severe water stress category under the A2 scenario in the 2050s include much of northern and southern Africa, the Middle East, Central Asia, southern Asia, northern China, the western USA, and the west coast and northeast of Latin America. In interpreting these and other results, it should be kept in mind that they represent scenarios of future water resources, in the sense of if-then propositions. If future driving forces of water availability and water use follow the assumptions of the A2 scenario, then a plausible outcome of water stress is shown in Fig. 1 . The total area with severe water stress is similar for the B2 scenario (Table 1) , although later in this paper we show that the direction of change of water stress is different between the A2 and B2 scenarios. The total area of severe water stress changes with time as socio- Figure 2 presents results for the "consumption-to-Q90 ratio" (defined in caption of Fig. 2 ). The advantage of the consumption-to-Q90 ratio is that it is easier to interpret physically than the w.t.a. ratio (a value of one or greater for the consumption-to-Q90 ratio implies that the entire low monthly runoff in a river basin is depleted). The disadvantage is that it depends on consumption data which are more uncertain and less available than withdrawal data in the domestic and industrial sectors (see, e.g. Shiklomanov, 2000) . Figure 3 presents the per capita water availability (water availability divided by population on a river basin scale). According to this indicator, the smaller the volume of water available per person in a river basin, the higher the water stress. This indicator has the advantage of being simple to estimate (only estimates of availability and population are needed). Its disadvantage is that it implies that the lower the population, the lower the water stress (for a fixed availability of water). Although water stress is no doubt related to population, the assumption that water stress is linearly proportional to population neglects the complex role that population plays in regional water use and thus in water stress.
The three indicators disagree on many areas of severe water stress under the A2 scenario in the 2050s (Fig. 4) . The estimate of total area ranges from 30.85 to 40.04 10 6 km 2 for the different indicators (Table 1) . This discrepancy is due to the different definitions and thresholds of the indicators and shows that research is needed to clarify the definition and classification of water stress. Despite this uncertainty, the overlap area is considerable (22.55 10 6 km 2 or 56-73% of the total severe water stress area, depending on the scenario and climate model). Included in the overlap area are the Fig. 2 Water stress in 2050s for the A2 scenario based on consumption-to-Q90 ratio. "Consumption" is the average monthly volume of water that is withdrawn, used, evaporated and not directly available for downstream users, and "Q90" is a measure of the monthly river discharge that occurs under dry conditions (monthly discharge is higher than the Q90 value 90% of the time). southwestern USA, central Mexico, northeast Brazil, the west coast of Latin America, large sections of northern and southern Africa and the Middle East (Fig. 4) . We compute the number of people living in river basins with severe water stress by summing up the population in this area. The three indicators give a range of 1.60-2.28 10 9 people living in river basins with severe water stress under "current conditions" (i.e. water withdrawals in 1995 and average annual water availability during the climate normal period). This number grows to 3.21-4.29 10 9 in the 2020s, 4.63-6.92 10 9 in the 2050s and 4.61-8.10 10 9 in the 2070s, depending on the water stress indicator, scenario and climate model (Table 2) .
Comparison with other studies
Arnell (2004) also computed the number of people living in river basins with severe water stress (termed "high water stress" in his paper) for the A2 and B2 scenarios. For the same indicator (per capita water availability) and threshold (1000 m 3 per capita per year), Arnell computes (for the 2050s) 4.35-5.57 10 9 people under the A2 scenario (compared to 6.43-6.92 in this paper) and 2.75-3.27 under the B2 scenario (compared to 4.91-5.17 in this paper). Differences could stem from different geographical units of analysis or different assumptions about the distribution of population. The variation indicates the range of methodological uncertainty for global water stress calculations.
Arnell found areas with decreasing water stress in East and Southeast Asia, in the Middle East, in North America and in Europe, depending on the climate scenario and population assumption. We compute that many additional areas have decreasing water stress because of both climate change and decreasing withdrawals related to the saturation of water demands. Arnell estimates that, by the 2020s, most differences in water resources stress can be attributed to the use of different climate models and, by the 2050s, to different population assumptions. We estimate that socio-economic factors such as income growth, changes in electricity production and improved wateruse efficiency have at least as important an influence on changing water stress (see discussion below). Vörösmarty et al. (2000) , Oki et al. (2003) and Shiklomanov & Rodda (2003) also used the equivalent of the withdrawals-to-availability ratio as an indicator of water stress in their global scenario analyses, but assumed different future trends in population and climate. One of the main conclusions of Vörösmarty et al. (2000) was that water stress up to 2025 will be affected more by changes in water demand than by climate change, which is consistent with this paper. Shiklomanov & Rodda (2003) also estimated large global increases in water stress up to 2025 due to an increase in population and other factors.
In contrast to our study, Oki et al. (2003) estimated that the impact of economic and technological development on increasing water stress up to 2050 was smaller than the effect of population growth. However, consistent with our results, they found that water stress was tempered in many parts of the world (e.g. India and western USA) by increasing runoff due to climate change.
It is difficult to compare other aspects of the work of these authors with the results in this paper because of the many differences in input assumptions and interpretation of output. Hence, it would be very beneficial to carry out a systematic and transparent intercomparison of global water model calculations using harmonized inputs and outputs.
DIRECTION OF CHANGES IN WATER STRESS
Not only the level of water stress, but also its direction and rate of change are important, because these determine the ability of society and nature to adapt to changing conditions (e.g. Howe et al., 1990) . Figures 5 and 6 indicate that the changes in water stress between "current conditions" and the 2050s are very different in different regions. Depending on the scenario and climate model, between 62.0 and 75.8% of total river basin area has increasing water stress up to the 2050s (relative to current Changing water stress between "current conditions" and the 2050s for the A2 scenario: (a) areas of increasing water stress where decreasing water availability is more important and areas of increasing water stress where increasing water use is more important, and (b) areas of decreasing water stress where increasing water availability is more important and areas of decreasing water stress where decreasing water use is more important.
conditions), whereas 19.7-29.0% has decreasing stress and the remaining area has "small" changes (less than 5% increase or a decrease) (Table 3) .
What is the cause of increasing water stress? Figures 5(a) and 6(a) indicate that growing water withdrawals are the principal cause over most river basin area (nearly 90%) for reasons discussed below. The principal cause of increasing water stress over a much smaller area (about 10%) is decreasing water availability due to climate change. What is the cause of decreasing water stress? The main factor over most of the Fig. 6 Changing water stress between "current conditions" and the 2050s for the B2 scenario: (a) areas of increasing water stress where decreasing water availability is more important and areas of increasing water stress where increasing water use is more important, and (b) areas of decreasing water stress where increasing water availability is more important and areas of decreasing water stress where decreasing water use is more important. area (approximately 50-80%) shown in Figs 5(b) and 6(b) is the higher annual precipitation related to climate change. The main factor over a smaller area (about 20-45%) is decreasing withdrawals. Table 3 summarizes the results.
CHANGES IN WATER AVAILABILITY
Our analysis of the A2 and B2 scenarios has shown that changes in climate (precipitation and temperature) could have a major effect on future global water availability and the level of water stress. This is consistent with previous studies (e.g. Arnell, 2004; Alcamo, 1997; Vörösmarty et al., 2000) . Changes in precipitation will raise or lower the average volume of river runoff. Meanwhile, the expected increase in air temperature intensifies evapotranspiration nearly everywhere, and hence reduces runoff. These two effects interact differently at different locations and produce the net increase or decrease in water availability shown in Fig. 7 . Since evapotranspiration increases nearly everywhere, it tends to counteract the effect of increasing precipitation wherever it occurs. Hence, the area of increasing water availability is somewhat smaller than the area of increasing precipitation. For example, under scenario A2 in the 2050s, 57% of the Earth's land area has increasing annual precipitation (relative to the climate normal period) as compared to 51% having increasing annual water availability.
While increasing water availability could have a positive influence on society by reducing river basin water stress, an increase in water availability in one season may not be beneficial during that season, nor transferable to another season. An increase in annual water availability may also be accompanied by a higher risk of extremely high and damaging runoff events. For the 2050s, under the A2 scenario, we estimate a significantly increasing risk of higher runoff events over 10.5% of total global river basin area (using an indicator described in the caption of Fig. 8 ). Included are many humid regions, such as northern Europe, western India, northern China and Argentina (Fig. 8) . For the same scenario and period, 16.3% of the global area of river basins may be subject to more frequent low runoff events (Fig. 8) , including such arid regions as southern Europe, Turkey and the Middle East. Orange indicates a decline between 5 and 25% in annual precipitation and an increase in the coefficient of variation of runoff of between 5 and 25%. Red indicates a decline of more than 25% in annual precipitation and an increase in the coefficient of variation of runoff of more than 25%. Light blue indicates an increase between 5 and 25% of annual precipitation and the coefficient of variation of runoff, and dark blue an increase of more than 25%.
CHANGES IN WATER WITHDRAWALS
Earlier in this paper, we estimated that the increase in water withdrawals is the principal cause of increasing water stress (on an areal basis). Here we examine a range of factors influencing future water withdrawals and water stress. In reality, a much wider range of social, economic, cultural and other factors affect water use (see, e.g. Cosgrove & Rijsberman, 2000) , but they are currently outside the scope of global analysis because of lack of data and suitable models.
The effect of different driving forces on future water use depends on the input assumptions of the A2 and B2 scenarios of IPCC (Tables 4-6 ). The result of these assumptions is a worldwide increase in water withdrawals from approximately 3594 km 3 /year in 1995 to 5125 km 3 /year in 2055 under the A2 scenario, and to 4931 km 3 /year under the lower population but higher economic growth rates of the B2 scenario (see Table 8 ). Döll & Siebert (2000) . c Constant over simulation period. Döll & Siebert (2000) . c Constant over simulation period.
Between 1995 and 2055, water withdrawals increase in about 78% of total river basin area under the A2 scenario and in about 70% under the B2 scenario (Table 7) . Changes in water withdrawals have a very irregular spatial pattern arising from varying sectoral and country trends and the asymmetrical pattern of irrigated and settlement areas (Fig. 9) . Withdrawals tend to stabilize or decrease in many industrialized countries, especially under the B2 scenario, because of the saturation of per capita water use, stabilizing population and continuing technological improvements. This is in contrast to the large increase in developing countries, where large unfulfilled water demands are met. Only about 12-13% of total river basin area under the A2 scenario and 18-20% under the B2 scenario have declining water withdrawals (Table 8) .
Causes of increasing water withdrawals
Figures 10(a) and 11(a) depict the river basin areas with increasing water withdrawals between 1995 and 2055 and the water-use sectors contributing the most to this increase. The domestic sector is the most important sector over most of the area having growing water withdrawals (79.9-86.4%, depending on the scenario). The most important factor in the domestic sector is growing income (which boosts per capita demand) followed distantly by growing population (Figs 12(a) and 13(a) ). A sensitivity analysis (in which either income or population is kept constant and the other varied according to the assumptions of A2) indicates that the income effect is five to 11 times stronger than the population effect (depending on the scenario, Figs 12(a) and 13(a)). (These results pertain to the river basins where water withdrawals increase.) This is because closing the gap in unfulfilled water demands has a stronger effect than the incremental increase in population. The current steep trajectory of per capita water use in developing countries suggests that these countries are indeed attempting to close this gap (Shiklomanov & Rodda, 2003) . The rate of increase in domestic per capita water use is tempered somewhat by continuing improvements in the efficiency of water use (Figs 12(a) and 13(a) ). Hence, future levels of per capita water use in developing Following the domestic sector, the agriculture and industry sectors are roughly of the same importance to increasing water withdrawals (on an areal basis) ( Table 9) . Note in Table 9 that we refer to increases in withdrawals rather than the absolute volume of withdrawal change. In the 2050s, the agriculture sector continues to have the largest volume of water withdrawals (Table 8) , but does not undergo very large increases over the scenario period for reasons discussed below. By comparison, the domestic sector experiences very dynamic changes.
The agriculture sector is the most important sector, over 7.1-10.0% of the area having growing water withdrawals (depending on the scenario). The principal causes of growing agricultural withdrawals are warmer and drier conditions occurring over parts of the world under climate change. These conditions enhance the evapotranspiration of crops and increase irrigation water requirements. The increase in irrigation water use is tempered by improvements in the efficiency of irrigation water use. Since climate change is slower under the B2 scenario, irrigation water withdrawals also grow more slowly under this scenario.
Future water withdrawals in the agriculture sector are also related to assumptions about the future extent of irrigated land. In this analysis, the extent of irrigated land was held constant for two reasons. First, the original IPCC-SRES scenarios were not explicit about the changing extent of irrigated land (IPCC, 2000) . Second, there are conflicting views about future trends in irrigated land. One view is that increased agricultural production could come from the expansion or intensification of existing rainfed cropland; another is that irrigated area will be required to provide future food production.
An indication of the sensitivity of irrigation water use to assumptions about future irrigated land is provided by results of the Millennium Ecosystem Assessment. In a comprehensive coupled modelling exercise, models of the global food economy and global land use were used to estimate future irrigated land requirements. Four scenarios of future irrigated land were computed based on assumptions about population and economic growth that were not very different from the A2 and B2 scenarios (Alcamo, et al., 2005a,b) . Three of the four scenarios ("Global Orchestration", "Techno Garden" and "Adapting Mosaic") assume a level of food production that would significantly reduce world hunger and increase human well-being. Estimates of future irrigated areas on a country basis were input to the WaterGAP model and irrigation water withdrawals were computed. For the four scenarios, the computed changes in global irrigated land for 2050 (compared to 1995) were: for Global Orchestration, +9.7%; TechnoGarden, +6.0%; Adapting Mosaic, +3.0%; and Order from Strength, +0.4%. The resulting changes in global irrigated water withdrawals between 1995 and 2050 were, respectively: 3.2%, -15.3%, 13.2% and 43.3% (Alcamo et al., 2005a,b) . The following points can be made about these results: first, the scenarios having an increase in food production and human well-being (the three scenarios other than "Order from Strength") led to only a modest expansion (3.0-9.7%) of irrigated land. This can be explained by the additional food production assumed to come from intensification of agriculture on rainfed cropland, by improvements in crop yields and, in some scenarios, by the "optimization" of world food trade and location of agricultural production. Hence, future food production may not necessarily require a large expansion of irrigated cropland. Second, scenarios with increasing irrigated area did not necessarily lead to substantial increases in irrigation water requirements, because of improvements in irrigation water use efficiency, and increasingly moist conditions over currently irrigated areas. Third, the increase in irrigated water use (ranging from -15.3% to +43.3%) is small compared to increases in industrial water use (+50% to +100%) and domestic water use (+400%) found in this study (Table 8) . Results from other global scenario studies (e.g. UNEP, 2004) support these findings. Nevertheless, it would be useful to develop irrigation scenarios consistent with the IPCC (2002) scenarios so that irrigation water requirements can be consistently compared with the water-use estimates for sectors presented in this paper.
The industry sector is the most important sector over 6.5-10.1% of the river basin area having increasing withdrawals (Table 9 ). The most important factor leading to an increase in industry water withdrawals is the strong increase in electricity production (Figs 12(a) and 13(a) ). The water withdrawals in the industry sector increase linearly with electricity production. (Recall that electricity production is used in this analysis as a surrogate for industrial production.) Two factors tend to slow the growth of industry withdrawals: assumed technological improvements in water use efficiency and an increase in national income which leads to structural shifts in the industry sector. These structural shifts (such as the conversion in the electricity production sector from once-through-cooling to tower cooling) tend to decrease the volume of water withdrawn for industry per unit of industrial output. Developing countries will be particularly affected by these structural shifts, because of the sharp increase in their national incomes over the scenario period.
The magnitude of sectoral water withdrawals changes with time because of the changing temporal effects of population, economic and other assumptions (Table 8) . Total withdrawals stabilize quickly or decline in industrialized countries as efficiency improvements offset other factors. Withdrawals also stabilize in developing countries, but only later in the century when their economic and population growth slows. Despite the changing magnitude of withdrawals, the domestic sector continues to be the principal cause of increasing water withdrawals throughout the scenario period (Table 9 ).
An important question is whether the computed rapid growth in withdrawals for developing regions (Table 8) is achievable considering the costly infrastructure needed for increasing water supply (pumping stations, distribution pipes, etc.). (Although there are precedents for the rapid expansion of water-related infrastructure, e.g. from 1970 to 1989, OECD countries expanded the capacity of wastewater treatment facilities by 3.5-8.8% per year. OECD, 1991.) Furthermore, many of these river basins will have declining water availability due to climate change (compare Fig. 7 with Fig. 9 ). These coinciding developments are likely to cause higher costs for water supply infrastructure, stronger competition between water users and perhaps a slowing of economic development in poorer countries. Hence, the high economic growth rates assumed for Africa and other developing regions in the A2 and B2 scenarios may not be consistent with the effects of higher water stress in these regions. In future analyses, it will be important to include the feedback effect of water stress on economic activities and growth.
Causes of decreasing withdrawals
It was pointed out earlier that water withdrawals decrease in about 12-20% of total river basin area between 1995 and 2055 (Fig. 9) . The major cause of this decrease over most of this area (59.7-88.8%, depending on the scenario) is the agriculture sector ( Table 9 ). The agriculture sector remains the most important factor throughout the scenario period (Table 9 ). The two most important factors influencing the decrease in agricultural withdrawals are increasing precipitation (which reduces the demand for irrigation over the growing season) and improving efficiency of irrigation water use (Figs 12(b) and 13(b) ). This analysis does not take into account the possible shifting of irrigated areas.
After agriculture, the industry sector has the next most important influence on decreasing withdrawals (on an areal basis) (Table 9 ). Here, the most important factor is the improvement of water-use efficiency. The domestic sector plays the largest role in the decrease of withdrawals in only a few areas (Figs 12(b) and 13(b) ). Here the improvement in water use efficiency is particularly important.
SUMMARY AND CONCLUSIONS
In this paper, we have used the WaterGAP model to analyse the impacts of climate change and socio-economic driving forces under the A2 and B2 scenarios on future global water stress. The uncertainties of the methodological approach are discussed in Appendix B.
We have found that water stress changes significantly over most river basins and the intensity of change and its direction are very geographically dependent. About twothirds to three-quarters of future river basin area will have increasing water stress up to the 2050s (relative to current conditions), depending on the scenario and climate model. A much smaller area (one-fifth to one-third) will have decreasing water stress, with the remaining area having very small changes.
Under the scenarios analysed, increasing water stress is caused mainly (on an areal basis) by increasing water withdrawals, and the most important factor for this increase is the growth of domestic water use, followed by increasing water use for industry and agriculture. Although population growth has an important direct role in increasing the number of water consumers in the domestic sector (and an indirect role in stimulating future electricity water use), a more important factor was found to be increasing income, which will stimulate higher per capita water use in the domestic sector.
The principal cause of decreasing water stress is the greater availability of water due to increased annual precipitation related to climate change. While the increase in annual water availability may be a positive development for water-short areas, it is uncertain whether this water will be available during the seasons when it is needed. Scenario analysis also indicated that technological improvements in water-use efficiency could significantly slow down otherwise larger increases in water use in all sectors of developing countries. The future impact of this potentially significant factor needs to be studied in more detail. Indeed, a better representation of all socio-economic processes is needed in global water studies.
We investigated the uncertainty of using different indicators for water stress and found a large overlap in their estimation of "severe water stress" areas. While this indicates a moderate level of robustness in estimating global water stress, the indicators also disagreed in many other regions. In general, much work needs to be done in elaborating concepts for water stress that can be applied universally in analyses of future water resources.
In summary, our results indicate a world water situation undergoing significant changes in the coming decades with large geographical differences in directions and causes. Water stress will be increasing over most developing regions, but decreasing over a significant extent of industrialized regions. The area with a stable level of water stress is relatively small. Under the A2 and B2 scenarios, socio-economic factors predominate over climate change, although climate change will nevertheless have a significant impact on water stress in many regions. In particular, we found that changing income will have a large influence on future water consumption and thereby on water withdrawals and water stress. It is hoped that these insights into the direction and cause of changes in future water stress will provide input to the development of effective strategies for coping with future global change.
outside of the ice caps (Döll et al., 2003) . For most stations a multi-decadal time series of runoff data was used for this calibration. Since a wide range of climate conditions occurred during this calibration period, we have moderate confidence that the model is capable of computing hydrology under future changed climate conditions.
The Global Water Use model consists of sub-models for the domestic, industry and agriculture sectors in more than 160 countries.
The Domestic Water Use model calculates annual withdrawals and consumption of water by households and small businesses. First domestic water use intensity (m 3 per capita per year) is computed from a sigmoid curve that describes the increase and eventual saturation of water-use intensity relative to increasing income. Next, wateruse intensity is multiplied by national population. The model also takes into account the observed long-term trend in improving water-use efficiency due to technological changes in the water supply infrastructure (Alcamo et al., 2000 (Alcamo et al., , 2003a . Parameters for this and the industry model are derived from a worldwide database of country-scale historical water use trends (Shiklomanov, 2000) .
The Industry Water Use model calculates the annual withdrawals and consumption of water by power production and manufacturing. As in the domestic model, first the industrial water use intensity is computed (m 3 /MWh per year) and then multiplied by national annual electricity production (MWh/year). (Electricity production is used as a proxy for the combined driving forces of power production and manufacturing because of the large gaps in national data on water use in manufacturing.) The water-use intensity is computed from the sum of water use by power production and manufacturing divided by national electricity production. If a country is dependent mostly on hydroelectricity, the industrial water-use intensity is relatively low; if it is dependent mostly on thermal power production, this coefficient is relatively high. Increases in per capita national income are assumed to lead to structural shifts in the industry sector that tend to decrease the water intensity down to a minimum withdrawal. This assumption is based on a cross-country comparison of industrial water-use data (Alcamo et al., 2003a ). An example of such a structural shift is the growing substitution of tower-cooling for once-through-cooling in power plants. Tower-cooling systems withdraw around 97% less water per unit of electricity generated than oncethrough-cooling systems. Improving water-use efficiency in the industry sector (e.g. through more efficient use of process water in factories) is also taken into account. (Alcamo et al., 2000 (Alcamo et al., , 2003a .
The Agriculture Water Use model consists of two main components: a livestock model and an irrigation model. Withdrawals for livestock are assumed to be equal to their consumption and are computed by multiplying livestock water consumption per head by the number of livestock (GlobalARC, 1996) . Irrigation water requirements are computed with a global irrigation model (Döll & Siebert, 2002) . Water consumption of irrigated crops is computed from their evapotranspiration rate and withdrawals are computed by assigning irrigation water-use efficiency. The model takes into account climate variables, a global map of irrigated areas (Döll & Siebert, 2000) , types of cropping and the improvement in water-use efficiency over time because of technological changes in irrigation methods (Döll & Siebert, 2002) . In most countries livestock water use is much smaller than irrigation water use.
APPENDIX B: Sources of uncertainty in water resource estimates
This appendix presents information about selected uncertainties that influence calculations in this paper.
Parameter uncertainty of the WaterGAP model
Estimates of water stress depend, among other factors, on the reliability of river discharge estimates. These, in turn, are computed by the WaterGAP model. An important source of uncertainty of WaterGAP are the uncertainties of its model parameters. Kaspar (2004) quantified the combined effect of 38 important parameters of the model using stochastic simulation. The parameters included input data (e.g. precipitation and plant root depth) and model coefficients (e.g. degree-day factor and groundwater recharge coefficients). Based on a literature review, he estimated the probability distributions of the 38 parameters and propagated these uncertainties through model equations using a Latin hypercube sampling method. For 35 test river basins under simulated conditions of the 2070s, the combined uncertainties of the 38 parameters led to a coefficient of variation of average river discharge up to 72%, with an average coefficient of variation of 12% for the 35 test river basins.
Structural uncertainty of the WaterGAP model
The WaterGAP model represents hydrological and water-use processes in a simplified way (because of the incompleteness of global data for checking these processes) and this is a source of uncertainty of model calculations. We expect that structural uncertainty will be reduced as the model is further developed. An important structural uncertainty has to do with the formulation used to compute evapotranspiration. Kaspar (2004) estimated the difference in river discharge resulting from using two different formulations (Priestley-Taylor and Penman Monteith). For 35 test river basins and simulated conditions of the 2070s, his data indicate relative deviations of river discharge up to 10% and an average relative deviation of 5%.
Uncertainty of climate inputs
The climate scenarios used in this study are also a source of uncertainty of estimates of water river discharge, especially because of the uncertainty of future precipitation estimates (McAvaney et al., 2001) . The precipitation uncertainty arises in particular because coarse-grain climate models cannot capture finer-scaled meteorological processes that influence precipitation patterns (e.g. orographic effects in mountainous areas). Calculations of air temperature (used in WaterGAP to compute evapotranspiration) have a lower level of uncertainty (McAvaney et al., 2001) .
Another major source of uncertainty is the fact that different climate models yield different climate scenarios for the same set of future conditions. Kaspar (2004) compared estimates of average river discharge based on climate data from the two climate models used in this paper-the ECHAM4 and the HadCM3 models. For 35 test basins, and simulated conditions in the 2070s, his data indicate relative deviations of up to 67%, with an average of 30%. To take into account this uncertainty, we have used climate scenarios from two different models in this paper (see Section 3-Methodology). The results presented in Tables 1, 2 , 3 and 7 show that the climate models give somewhat different results, but do not lead to different major conclusions about the status or change in water stress.
Uncertain indicators of water stress
The water-stress indicators used in this paper are highly aggregated and do not take into account important factors such as the storage of water between seasons or between years. We also noted earlier that there is no universally accepted concept or threshold for water stress. To address the uncertainty of the indicators, we compared global estimates of severe water stress with three different indicators and found that they disagreed in many geographical areas, but also had a relatively large overlap area (see Section 4). In general, much work needs to be done in elaborating concepts for water stress that can be universally applied to analyses of future water resources.
Uncertainty of technological improvements in water-use efficiency
It was found that a continuation of current slow improvements in water-use efficiency could have an important effect on all water sectors by slowing the tendency for water use to increase, or by causing water use to decrease over the long term. But these findings were based on very uncertain assumptions about the future trend in technological improvements. Considering the sensitivity of future water-use estimates to these assumptions, more attention should be given to understanding and anticipating future technological change in the water sector. In particular, a synthesis of existing global knowledge would provide a useful starting point for making assumptions about technological change in water-use scenarios.
